Remote Infrared Matrix-Assisted Laser Desorption/Ionization (Remote IR-MALDI) system using tissue endogenous water as matrix was shown to enable in-vivo real-time mass spectrometry analysis with minimal invasiveness. Initially the system was used to detect metabolites and lipids. Here, we demonstrate its capability to detect and analyze peptides and proteins. Very interestingly, the corresponding mass spectra show ESI-like charge state distribution, opening many applications for structural elucidation to be performed in 
INTRODUCTION
The last decade technological developments have pushed the progressive translation of mass spectrometry (MS) from static analysis of extracted molecules to their possible examination in the in-situ context. This is clearly illustrated by the dynamics in the field related to the development of Ambient Ionization mass spectrometry (AIMS) methods over the past 10 years. AIMS methods allow the detection and identification of molecules from native samples at atmospheric pressure (AP) and room temperature (RT) with little or no sample preparation. More than thirty ambient ionization sources are described in literature (1) (2) (3) (4) (5) for the sampling of surfaces, liquids and gases. For surfaces, various concepts and principles have been proposed to obtain ion production including for example the use of solvent spray, gas flow (6, 7), plasma (8, 9) or laser (10, 11) . The importance of the field of applications and the many researches in which in-situ analysis can be useful have further promoted the development of methods for real-time and in-vivo analysis. Real-time in-vivo analysis requires pushing further the limits of technologies since many of the already developed methods cannot be applied to the in-vivo context or are restricted to a limited number of applications. Looking for in-vivo real-time devices with broad range applicability is a real challenge that might require the ion production process to be decoupled from the mass analyzer and placed remotely with a transport of the ions over few meters of distances. This was shown to be possible by the group of Takats with the Rapid Evaporative Ionization Mass Spectrometry (REIMS) technology (iKnife device), a system for real-time analysis under intraoperative conditions of patients undergoing cancer surgery (12) . In the iKnife, ions liberated in the smoke produced by the electric scalpel while the surgeon is cutting a patient's tissue are analyzed in real-time (13) to give access to molecular signatures that can be used to diagnose if the tissue is diseased or not.
Recently we have demonstrated that in-vivo real-time analysis can also be performed with lesser invasiveness by laser ablation using the SpiderMass instrument (14). Ions can be produced by irradiating tissues with nanosecond pulses of a mid-IR laser tuned at 2.94 μm, in resonance with the optical absorption peak of water (O-H stretching mode). These can then be transported over a few meters to the MS instrument for analysis without requiring any post-ionization (14) . With this system we have demonstrated that the water content of biological tissues can be advantageously used for MS analysis without addition of any external matrix molecule. Because in these conditions the ablation depth is limited to a few micrometers per laser shot, it is possible to perform in-vivo analysis on human skin with low invasiveness. The collective effects and the low extent of fragmentation observed during these experiments suggest an IR-MALDI mechanism with water as the natural endogenous MALDI matrix. Since water is absorbing at the laser wavelength and is in large excess compared to the analytes, it indeed possesses the characteristics of a MALDI matrix. In initial experiments we have shown that specific metabolite and lipid molecular signatures could be retrieved from different tissues and different cell phenotypes.
In the present study we evaluate the potential of this remote atmospheric pressure Infrared MALDI system (Figure 1 ) in analyzing peptides and proteins because in-vivo realtime proteomics is a clear challenge with high impact applications. Interestingly, our first experiments using standard peptides and proteins have revealed the presence of multiply charged ions with spectral profiles very similar to those obtained by electrospray ionization (ESI). This was rather unexpected considering the long transfer line (2 meters) for transporting ions from the laser microprobe to the interface of the MS analyzer. We therefore studied the different parameters that could play a role in the observation of these species to understand the underlying mechanisms leading to the formation of these multiply charged ions.
EXPERIMENTAL PROCEDURES Experimental Design and Statistical Rationale.
We performed the experiments with a novel prototype of the SpiderMass instrument already described in a previous study (14) . Ions are generated remotely from the MS instrument and transported in real-time to the MS analyzer. Ion production is promoted by Resonant Infrared Laser Ablation (RIR-LA) based on the highly effective excitation of O-H bonds in water molecules naturally present in most biological samples allowing for the MALDI process to occur. Peptide and protein standards are analyzed using SpiderMass to study the influence of various parameters, including laser wavelength, transfer tube length and temperature, or solution pH, and assess the potential of the system for Top Down analysis. Each sample is prepared in triplicate and analyzed at least three times.
Sample preparation
Water (H2O) and isopropanol were purchased from Biosolve (Dieuze, France). The protein mix was purchased from Bruker Daltonics (Bremen, Germany). Angiotensin I, bovine ubiquitin, cytochrome c from horse heart, chicken lysozyme, trifluoroacetic acid (TFA) and glycerol were purchased from Sigma Aldrich (Saint-Quentin Fallavier, France).
For most of the experiments, the two analytes (angiotensin-I and bovine ubiquitin)
were first prepared at a concentration of 10 -3 M in water. This solution was further diluted in glycerol/water (1:1; v/v), water or 0.2% TFA in water to obtain a final concentration of 500 M. For each experiment, 2 μL of the working solution were deposited onto a glass slide just before SpiderMass analysis. For the protein standard mix, an equal volume of the solution was added to glycerol and 2 μL of this sample was deposited onto a glass slide and samples were spotted in triplicate. For sensitivity tests, the stock solution was further diluted 10-, 100-and 1000-fold to achieve the targeted concentration but sample deposition was kept the same. Lowest tested concentration was 250 fmoles/μL for each analyte but this was not the LOD.
For the pH experiments, the glycerol/water solutions with pH adjusted to 3, 5, 7 and 9
were first prepared. The glycerol/water solution is at pH = 5. Thus, for pH < 5, pH was adjusted by adding an appropriate volume of HCl (1M) and for pH > 5 by adding an appropriate volume of NaOH (0.1 M). Then, 20 μL of the analytes (ubiquitin, lysozyme, or cytochrome C) suspended at 500 M in pure water were dried in speedvac (ThermoScientific) and resuspended in 20 μL of the pH-adjusted glycerol/ water solution (1:1; v/v). Then 2 μL of the final solution was deposited onto a glass slide for SpiderMass analysis.
For in-situ protein analysis, 100 μL of a protein mix containing ubiquitin, lysozyme, and cytochrome C (suspended at 500 M each in pure H2O) were dried in speedvac and resuspended in 100 μL of a solution of IPA/Glycerol (1:1; v/v). 2.5 μL of this solution was deposited onto a raw piece of food grade beef liver tissue bought from a local store and analyzed by SpiderMass after the droplet was adsorbed by the tissue.
Instrumentation
The basic design of the so-called SpiderMass Remote IR-MALDI instrument setup is already described in a previous study (14) . In these experiments, the prototype was 
Data processing
Each acquisition was performed in triplicate. The recorded MS spectra were processed using MassLynx V4.1 SCN833. Averaged MS spectra were extracted from the total ion chromatogram by averaging all the spectra recorded over the 5-s laser irradiation period which corresponds to a total of 50 laser shots, with the laser having a 10Hz repetition rate. Peak area was calculated by integrating the signal of the protonated ions of the analyte including all the isotopes. Since cationized ions were not observed in all experiments, they were not taken into account for measuring signal intensity. The MS/MS spectra were exported to mMass software v5.5 (16) for labeling of fragment ions according to the expected theoretical fragmentation of the standards .
The data files used for analysis were deposited at the ProteomeXchange Consortium (17) (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository (18) with the project accession: PXD008092 (username: reviewer24503@ebi.ac.uk , password: izrHU9Bc for review access). In order to better understand the ion formation mechanism leading to the observation of these multiply charged ions, different parameters of the system were evaluated. We first investigated the laser wavelength by scanning with the OPO in the range of 2.8-3.1 μm with 25-step increments at 0.8 J/cm 2 . MS spectra recorded for angiotensin I and ubiquitin are presented in Figure S6 and Figure S7 respectively. We observe a notable resonance phenomenon with maximum intensity of the ion signals around 2.9-3.0 μm for the two analytes. This is expected since both water and glycerol show a strong and large absorption band in this range. We observe a similar behavior for both the analytes ( Figure   S8 ) and the matrix (Figure S9) as demonstrated by the evolution of the intensity of the ion signals of glycerol itself. If the total signal intensity is affected by the laser wavelength, the relative intensity of the signals remains unmodified, charge state being unchanged.
RESULTS

Mass
This collective behavior is typical of a MALDI process as observed for vacuum UV-MALDI (26).
We then investigated how the transfer tube length can affect the MS spectra and ion the signal-to-noise ratio remains good (Figure S11-S13) . Very surprisingly the highest intensity was not always obtained using the shortest tubes. On average, 3 m was the tube length for which the highest reproducibility was reached, with total signal intensity rather similar to that using 10 cm or even longer tubes in the case of angiotensin I in glycerol/water ( Figure S12 ). In terms of charge state distribution no major modification was observed for the different tube lengths. This is particularly striking for ubiquitin ( Figure S134 ) because of the large charge state distribution. Thus, very interestingly the Remote IR-MALDI system can be placed 5 m apart from the instrument without major perturbation of performance or changes in the MS patterns. We also looked at the influence of the transfer tube temperature on the MS spectra by heating the transfer tube from 20°C up to 80°C using 2 m transfer tube. For angiotensin I in water, the intensity remains relatively stable up to 60°C as well as the ratio of the doubly-charged to singly-charged protonated signals, but a strong signal decrease is observed at 80°C (Figure S14) . In glycerol/water, a drastic decrease of the multiply charged ion signals was observed with increasing transfer tube temperature from RT to 80°C while the intensity of the singly charge ion was almost constant (Figure S15 ). This charge shift comes along with the progressive appearance of singly-charged sodium and potassium adducts which were absent at 20°C. The effect of pH of the solution on the charge state distribution was also investigated.
The evolution of the MS spectra of ubiquitin in water and glycerol/water for pH ranging from 3 up to 9 are presented in Figure 7 . In water and above pH 5, no signal is observed for ubiquitin, while at lower pH (pH 3), the signal is largely decreased and with reduced sodium and potassium adducts. In glycerol/water, the signal is observed for all pH values.
Again the highest signal intensity is observed at pH 5. A shift of the charge state distribution towards lower charge along with a signal intensity decrease is observed above pH 5 which is more perceptible at pH 9. This is rather expected because of the reduction of protons in the solution. At pH 3, the signal intensity is lower than at pH 5 but very This would mean that our conditions provide a favorable environment for soft desolvation, preserving the initial charges. Moreover, increasing the temperature on the transfer line contributes to reducing the charge state when glycerol/water is used as matrix and can lead to a total extinction of the signal for highest temperatures. All these results suggest that a fine balance between cluster stabilization and desolvation must be found to preserve the highly charged ions (38). Also, we observe higher charge states when compared to conventional configurations, even when using pure water as matrix, which might suggest the importance of cluster stabilization at the early stages of desorption of their desolvation during the transfer in conditions avoiding their reneutralization. In this picture, the ion formation is seen very closely related to ion formation in ESI. (Figure 9 ) is relatively straightforward if one thinks that the laser can promote a pulsed droplet spraying system in place of electro-nebulization spray conditions. However, similar spectra are obtained when the protein standards are spotted and adsorbed onto a tissue piece. But, since we are promoting water excitation for desorption/ionization, and since we have observed that tissues clearly show characteristic dehydration after laser irradiation, it is very probable that water/analyte clusters similar to ESI charged droplets are generated.
CONCLUSION
We have demonstrated that peptides and proteins can be remotely analyzed in realtime up to 5 m using the Remote IR-MALDI system (SpiderMass) operating in mid-IR and atmospheric pressure without any post-ionization. Very interestingly, in this configuration high charge state ion distributions are promoted. Multiply charged ions were observed in pure water already but ion charged states were even increased by using 50% glycerol, glycerol having also the advantage to stabilize the system by preventing the sample from drying too fast. SpiderMass MS spectra contain peaks similar to those obtained by conventional ESI MS than using other conventional AP-MALDI sources. This is of high interest for the identification of proteins by Top-Down or Bottom-Up strategies. Higher charge states are known to be less stable and give higher fragmentation yields under conventional low CID or PSD (Post-Source Decay) conditions which is often a difficulty in conventional vacuum UV-MALDI with respect to identification of peptides and proteins 
